■ INTRODUCTION
Although there are many examples of rotaxanes consisting of several macrocycles threaded onto a single molecular strand, 1 rotaxanes with more than one axle passing through a ring remain rare.
2,3 Doubly threaded [3] rotaxanes have been prepared 3 by active metal template synthesis, 4 exploiting the ability of the metal atom bound by the macrocycle to turn over and catalyze formation of a second axle through the ring. However, to date, no rotaxanes have been reported with more than two strands threaded through a macrocycle. This is likely due to a "Goldilocks requirement" of the macrocycle needing to be large enough to accommodate three (or more) molecular chains threaded through its cavity while also having to be sufficiently small to prevent the ring slipping over the stoppers of an individual axle.
We previously described the synthesis of doubly threaded [3]rotaxanes using the one-pot nickel-catalyzed sp 3 −sp 3 reductive homocoupling of alkyl bromides 3a through a 2,2′:6′,2″-terypyridyl macrocycle. In that system the macrocycle-nickel complex is able to turn over, allowing covalent capture of a second thread through a 35-membered ring. Here we report that modestly increasing the size of the macrocycle to a 37-or 38-membered ring enables a third axle to be assembled through the cavity, generating the first examples of triply threaded rotaxanes.
One might expect that a modest increase in the size of stoppers that are sufficiently bulky to form a [2]rotaxane should enable multiply threaded rotaxanes to be formed with a large macrocycle via successive covalent bond-forming reactions directed through the cavity. However, experiments 5 and molecular modeling both show that even small increases in macrocycle cavity size require very significant expansion of the stoppers to prevent dethreading of singly threaded [2]-rotaxanes, which in many cases are necessary intermediates en route to multiply threaded structures. Furthermore, once one axle has formed in the cavity the increased steric bulk around the catalytic site may hinder subsequent thread-forming reactions. To try to address both of these issues we investigated the efficacy of a slightly larger (37-membered ring) macrocycle, 1a, than we utilized previously, with axle-forming components of different lengths (2a−c) in the rotaxane-forming active template nickel-catalyzed homocoupling reaction (Scheme 1; full synthetic procedures and characterization data are provided in the Supporting Information).
■ RESULTS AND DISCUSSION
A catalytically active macrocycle−Ni(0) complex of 1a was generated by the in situ reduction of a Ni(II) salt in N-methyl-2-pyrrolidone (NMP), to which was added 20 equiv of 2a in tetrahydrofuran (THF). The reaction mixture was heated at 60°C for 18 h before washing with ammoniacal ethylenediaminetetraacetic acid disodium salt solution (Na 2 EDTA− NH 3(aq) ) to remove the metal ions (Scheme 1). Purification of the crude organic products by size-exclusion chromatography (SEC) led to the recovery of unreacted macrocycle 1a (44%) and the isolation 6 of three products, identified by 1 H NMR (e.g., relative integration of axle-to-ring protons) and mass spectrometry (e.g., mass of molecular ion) as the noninterlocked thread 3a, doubly threaded [3]rotaxane 4a (19%) and triply threaded [4]rotaxane 5a (11%).
The absence of any singly threaded [2]rotaxane among the rotaxane products isolated from the active template reaction was initially surprising, but CPK models show that tris( t Buphenyl)methine stoppers can slip through the cavity of metalfree 1a. However, a singly threaded species must be an intermediate in the assembly of the more highly threaded structures, 4a and 5a. This is possible because the cavity of the nickel-coordinated macrocycle is considerably smaller than that of the metal-free ring. It appears that the nickel-complexed singly threaded [2]rotaxane intermediate is sufficiently longlived to react with two more alkyl bromide molecules and catalyze the formation of a second axle to form the doubly threaded [3]rotaxane 4a before dethreading, either directly or through transient loss of the metal center ( Figure 1) 7 The semiempirical PM6 geometry minimized structure shows the terpyridyl group tilted almost orthogonally to the plane of the macrocycle, which maximizes the size of the cavity to accommodate the three threaded chains (Figure 3) . In adopting this co-conformation, the stopper groups of the three chains are brought in close proximity to each other at both ends of the rotaxane. The protruding phenyl ring of the macrocycle is directed toward the aromatic rings of one of the stoppers, consistent with the upfield shifts of protons H A and H B after the third threading event (Figure 2b,c) .
To probe the multiple threading process further, we investigated the influence of changes in both the axle length and macrocycle size on the active template rotaxane-forming reaction (Table 1) . Increasing the distance between the bromine atom and the stopper of the axle-forming alkyl bromides from a three-carbon chain in 2a to 6 and 12 carbons in 2b and 2c, respectively, had little effect on the yields of the corresponding [3]-(4b and 4c) and [4]rotaxanes (5b and 5c) ( Table 1 , entries 2 and 3). A comparison of the 1 H NMR spectra of [4]rotaxanes 5a−c shows less shielding with increasing chain length (Supporting Information, Figure S2 ), indicating that the longer threads can position themselves to minimize unfavorable steric interactions between the bulky stoppers and the macrocycle. Nevertheless, the greater steric congestion from threaded chains close to the metal binding site in the synthesis of 5a does not significantly affect the ability of the nickel to catalyze the active template reaction.
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Macrocycles 1b and 1c, containing one and two extra methylene groups in the southern hemisphere, respectively, were prepared to investigate the effect of a modest increase in cavity size on the ability to trap multiply threaded rotaxanes. Using the 38-membered ring macrocycle 1b, [3]rotaxanes (4d−f) and [4]rotaxanes (5d−f) were obtained in similar yields to those obtained using macrocycle 1a (Table 1 , entries 4−6). The 1 H NMR spectra of [4]rotaxanes 5a and 5d are very similar to each other (Supporting Information, Figure S3 ), although the downfield chemical shift of proton H E (Δδ = +0.09 ppm with the wider cavity) provides some indication that the 38-membered ring somewhat alleviates the close packing of the threads.
When macrocycle 1c was employed in the analogous active template reactions, however, no rotaxane products could be isolated. Apparently the cavity of the 39-membered ring is too large to be prevented from slipping over the tris( t Buphenyl)methine stoppers of a single threaded axle, even when the macrocycle is coordinated to a Ni(0) center.
■ CONCLUSIONS
Rotaxanes with multiple axles threaded through the same ring are challenging to access, requiring a delicate balance of macrocycle cavity size and conformation to stopper size, and a threading reaction that can tolerate increasing steric bulk at the site where the chains are joined through the ring. The one-pot active metal template nickel-catalyzed homocoupling of stoppered alkyl bromides of various lengths through 37-or 38-membered 2,2′:6′,2″-terpyridyl macrocycles affords the first examples of triply threaded [4] To a solution of the terpyridine macrocycle (1a or 1b, 1 equiv) and NiCl 2 ·6H 2 O (1 equiv) in NMP (2.5 mL) under an inert atmosphere of nitrogen was added activated Zn powder (20 equiv) and the resulting suspension stirred vigorously for 1 h, resulting in a color change from greenish yellow to deep purple. A solution of the stoppered bromide (2a, 2b, or 2c, 20 equiv) in THF (2.5 mL) was added and the resulting mixture stirred at 60°C for 18 h. The reaction mixture was diluted with EtOAc (200 mL) and washed with a 17.5% aqueous solution of ammonia saturated with Na 2 EDTA (2 × 50 mL), H 2 O (3 × 50 mL) and brine (50 mL). The organic layer was dried over MgSO 4 , the solvent removed under reduced pressure and the resulting residue purified by size exclusion chromatography (CH 2 Cl 2 as eluent, see Supporting Information, Figure S1) 
